Interface related mechanical properties of unidirectional continuous glass fibre (GF)/polypropylene (PP) composites made of commingled yarns have been systematically studied according to a three level, three-factor factorial design. The three systematically varied factors comprised different silane coupling agent and film former contents in GF sizings as well as a varying GF diameter. Besides the statistical evaluation of those main effects on the transverse tensile and compression shear strengths of the composites, interfacial shear strength measurements on model composites have been performed. The latter ones as well as the results of the dynamic mechanical thermal analysis support the statistical significance of sizing components, the sizing content on the GF, and GF diameter for the mechanical properties of the composites. This highlights the interplay of proper sizing formulation and reproducible GF-spinning conditions, as both affect the interfacial bonding of continuously reinforced GF/PP composites.
Introduction
In order to take advantage of the reinforcing ability of fibres in composite materials, the external stress is transferred to the fibres via the fibre/matrix interface. Thus, the composites properties are not only limited by the characteristics of the reinforcing fibres and the matrix polymer, but are affected to a great extent by the interfacial bonding between fibre and matrix as well as the interphasial properties. The interphase is a three dimensional region between fibre and matrix, mainly formed by the interdiffusion of the sizing and the matrix in the course of composite consolidation. The local properties, such as thermal, mechanical, chemical, and morphological characteristics are different from the ones of the surrounding bulk matrix. Nowadays, the existence of a transition region between fibre and matrix is widely accepted and new characterization methods revealed locally different properties within a region of a few tens to a few hundreds of nanometers [1] [2] [3] [4] [5] . Sizing chemistry and interdiffusion play a great part in the development of interphases, which have been investigated in our earlier work [5] . When the sizing layer becomes the 'weak point' of the system, failure occurs within it [4, 6, 7] . Considering GF sizings, which commonly amount to 0.5-1% of the fibre weight [8] , their formulation consists of mainly three constituents: organofunctional silanes, polymeric film formers, and processing aids. The primary importance of organofunctional silanes is their ability to serve as an adhesion promoter or coupling agent providing a link between the matrix and the fibre surface by covalent bonding [9] . Polymeric film formers represent the biggest weight fraction in GF sizings. Besides their vital importance for fibre protection and processability of the yarns, they affect the wetting of the fibre as well as the distribution of the silane on the fibre surface and consequently the mechanical performance of the composites [10] . Processing aids can include substances providing anti-static properties and lowering the friction during spinning and textile processing. Besides conventional sizing formulations, recent studies report on the incorporation of nanoparticles into aqueous sizings or coatings for enhanced fibre matrix adhesion [11] [12] [13] or functionalisation of the interphase by creating diffusion barriers [14] . Moreover, nanoparticles, namely carbon nanotubes, have been used for interphasial strain sensing [15] [16] [17] [18] . Upon consolidation of the composites, interdiffusion of the sizing constituents with the matrix polymer takes place, resulting in graded physical properties within a transition zone, i.e. the interphase, between the fibre and the bulk polymer [7] . As the film former content in GF sizings is comparably high, its amount on the fibre surface as well as its chemical composition largely influence the evolution of the interphase [19] . Due to the currently available characterization techniques, the interphase dimensions and properties can be detected directly. In this context, atomic force microscopy (AFM) related measurements, e.g. phase imaging, nano-scratch and nano-indentation [5, 20, 21] or the use of microthermal analysis [22, 23] have revealed gradient properties as well as the local extension of the interphase for several fibre/matrix systems. Additionally, the effects of different fibre treatments, including the application of different silanes, film formers and coatings have been studied and related to the mechanical properties of the composites [24] [25] [26] [27] . Regarding the local extension of the interphase, it was mentioned that increasing the interphases thickness could turn them into 'weak spots' with regard to the mechanical performance of the composites [4, 6] . However, the interphase related properties do not solely depend on the local extension of the interphase, but rather depend on a complex interplay of many factors. To date, a large body of literature contributing information to silanes and interfacial or interphasial issues in composites materials is available. Reviews on certain aspects can be found in [2, 9, [28] [29] [30] . This study is concerned with the systematic evaluation of a sizing system, consisting of γ-aminopropyltriethoxysilane (APS) and a PP film former, and its effect on interphase dominated micro and macro mechanical properties of continuously GF reinforced PP. The effects of the different sizing contents and formulations on the composite properties are evaluated statistically following a factorial design approach. Besides the constituents of the sizing formulation, the GF diameter, accounting for different surface areas and thus varying the average sizing thickness has been included into the factorial design. This approach allows determining the importance and interplay of the above mentioned factors on the dependent variables, i.e. the composites transverse and compression shear strength. In conjunction with the results of the factorial design by means of other methods, e.g. single fibre pullout (SFPO) tests, dynamic mechanical thermal analysis (DMA), differential scanning calorimetry (DSC) and high temperature gel permeation chromatography (HT-GPC), additional information on selected composites and composites properties is presented providing an insight into the mechanisms of interphase related composite failure.
Experimental 1. Composite manufacturing
Hybrid yarns, consisting of E-glass and PP filaments (approximately 50 vol% GF) were spun as described elsewhere [31] . For the spinning of the polymeric filaments the PP (HG455 FB from Borealis, Germany; weight average molecular weight (M w ) = 217 600 g/mol, melt flow rate (ISO 1133): 27 g/10 min) was melt blended with 2 wt% maleic anhydride grafted polypropylene (MAH-PP) (Exxelor PO1020 from Exxon mobile, USA; M w = 86 000 g/mol). During the spinning process, different sizings based on APS and a PP film former were applied on the GF. The latter one is a MAH-PP based aqueous dispersion (Permanol 602 from Clariant, Switzerland), with M w = 147 600 g/mol and a mean particle size of approximately 100 nm. The sizing content was determined quantitatively by pyrolysis following DIN EN ISO 1172. The manufacturing of the unidirectional specimens for mechanical testing was achieved by filament winding of the hybrid yarns on a rotating steel core. The textile preform was compression moulded (KV 207, Rucks GmbH, Germany) at 225°C for 45 min in a computer controlled long term cycle (heating, consolidation and cooling in the mould). In detail, heating from ambient temperature to 225°C took 23 min at a pressure of 0.5 MPa, followed increasing the pressure to 3 MPa for 2 min, before cooling down to 40°C within 20 min. During the cooling pressure was kept constant at 3 MPa. As determined by pyrolysis, the GF content of all specimens was determined to be 74±1.5 wt%, equal tõ 50 vol%.
Mechanical testing and characterization
The transverse tensile strength was measured according to specification ISO 527-5 with a velocity of 1 mm·min -1 for at least 10 specimens (2× 10×140 mm 3 ) of each test series. Compression shear strength (CST) of the unidirectional composites was determined using a self-made testing device according to [32] . The CST test is a method for determining the apparent inter-and intralaminar shear strength of continuous fibre reinforced composites and involves a nearly pure and homogeneous shear load in the fracture plane of the specimen. Detailed information on the test setup is described elsewhere [32] . 10 specimens with the dimensions of 4×10×10 mm 3 were tested at 1 mm·min -1 . Similar to the determination of the transverse tensile strength, the mechanical characterisation was performed on a UPM 1456 from Zwick GmbH & Co KG, Germany. For the determination of the interfacial shear strength (IFSS), SFPO measurements were performed on GF embedded 800 μm into the same matrix as used for the unidirectional composites. Details of the test setup are described elsewhere [33] . The Differential Scanning Calorimetry (DSC) measurements of the matrix PP as well as the film former was performed on a Q2000 (TA Instruments, USA) under nitrogen atmosphere in a temperature range from -50 to 205°C with a heating/cooling rate of 10 K/min. All samples had been dried in a vacuum oven at 23°C for 3 h prior to DSC measurement. DMA on the composites was performed on a Q800 (TA Instruments, USA) calibrated with standardized steel plates by TA instruments. The temperature calibration of the DMA was performed using an indium standard. The specimens were tested in transverse fibre direction using a single cantilever bend mode with an amplitude of 20 μm. The frequency was set to 1 Hz and the heating rate was 1 K/min. The scanning electron microscopy (SEM) micrographs were obtained using an Ultra 55 (Carl Zeiss SMT AG, Germany), after sputtering a 5 nm thick platinum layer onto the samples. The molecular weight of the matrix PP and the PP film former was determined by high temperature gel permeation chromatography (HT-GPC) at 150°C on a GPC220 (Varian Inc., USA) equipped with 2 PL mixed B LS columns using triple detection (refractive index, light scattering, and viscosity). 1,2,4-trichlorobenzene was used as solvent and eluent with a flow rate of 1 ml/min.
Statistical analysis of the factorial design
Composites with different sizing formulations and varying GF diameters, according to a three level, three-factor factorial design, were prepared. The chosen Box-Behnken design resulted in 15 experiments shown in Table 1 . Besides the stepwise variation of the average GF diameter, the amount of silane and film former within the sizing formulation were changed. In the case of the GF diameter the indications '-', '0', and '+' are related to diameters of 11, 13 and 16.5 μm, respectively. For the silane and film former the indications '-', '0', '+'refer to 0, 1.5, 3.0 wt% and 1.75, 7.875, 17.5 wt% solid content of the sizing, respectively. In the case of the film former, the lower and upper concentration result in less than 0.5 and around 2 wt% of organic content on the GF, respectively. The statistical analysis of the experimental results was performed by analyzing the factorial design with a statistical software (Statgraphics, Centurion). By creating regression equations a model fit was obtained relating the results of the mechanical testing to main and secondary effects, respectively. The former ones are in this case the silane and film former content of the sizing as well as the GF diameter, whereas the secondary effects describe quadratic contributions of the main effects or interactions between different main effects. Analysis of variance (ANOVA) allows determining the statistical significance of each effect by comparing the mean square of the model fit against an estimate of the experimental error. If the resulting P-values for the observed effects are less than 0.05 this is an indication that they are significantly different from zero at the 95% confidence level. Moreover, the correlation coefficient R 2 for the model is calculated providing a measure for the accuracy of the model fit. In order to establish a ranking of the importance of the observed effects, Pareto charts [34] can be created showing the statistical significance of each effect as a measure of its standardized effect.
3. Results and discussion 3.1. Statistical analysis: Effect of factor variation on composite interfacial strength Following the factorial design and the stepwise variation of the three factors, the estimated response surfaces represent the best fit to the experimentally obtained values. Figure 1a shows the estimated response surface for the transverse tensile strength as a function of silane and film former contents in the sizing. It can be seen that the transverse tensile strength is highly influenced by the silane content. For the sizings without silane, the transverse tensile strength is found to range at very low values of about 5 MPa. However, at 1.5 wt% silane the transverse tensile strength has considerably improved, being between 20 and 25 MPa. A further increase of the silane content did not result in enhanced composite strength, the values are comparable to those at 1.5 wt% silane, however, the estimated response surface indicates maximum composite strengths between 1.5 and 3 wt% silane. This is related to the parabolic fitting of the estimated surface, although it has been reported that excess silane results in an increased build-up of physisorbed silane layers which can lower the interfacial strength [10, 35] . Regarding the film former, at all silane contents investigated a slight increase of the transverse tensile strength with decreasing film former content can be observed ( Figure 1a) . However, the effect is much less pronounced than the one of the silane content. The effect of the GF diameter is also statistically significant, but less important for the transverse tensile strength than that of the film former. The regression equation for the estimated response surface of the transverse tensile strength, σ 90°, is given by Equation (1): (1) where A denotes the silane and B the film former content of the sizing, respectively. Both quantities refer to wt% relative to the solid content of the sizings. C is the GF diameter in μm. For Equation (1), the corresponding correlation coefficient R 2 is 0.98. For the discussion of the statistical significance of the main and secondary effects the Pareto chart, presented in Figure 1b diameter, but as well possible quadratic contributions of the main effects like AA and BB, reflected in the curved shaped of the estimated response surface. Moreover, interactions between the main effects, e.g. AB, could be displayed, but those were found not to be significant for the transverse tensile strength. The limit for the statistical significance is indicated by the vertical line in the Pareto chart. As can be seen in Figure 1b , the silane content has the largest influence of all main effects, followed by the film former content and the GF diameter. For the latter one a linear correlation with the transverse tensile strength is found, whereas the other main effects are non-linear. The '+' and '-' in the Pareto chart indicate a positive and negative correlation with the transverse tensile strength, respectively. To put it simply, it can be summarized that a higher silane content in the sizing has a beneficial effect on the transverse tensile strength, whereas an increased film former content as well as a higher GF diameter result in lower values. Similar to the transverse tensile strength, the dependence of the CST on the main effects was analyzed. Figure 2a shows the estimated response surface as a function of solid content of silane and film former in the sizing. Again, the lowest CST values are found for the sizings without silane, however, compared with Figure 1a the influence of the film former is much more pronounced. While for the transverse tensile strength different film former contents in the sizings affect the absolute values only to a minor extent, the CST is found to be very sensitive to a variation in the film former content of the sizing. Figure 2b shows the ranking of the statistical significance for the fitted estimated response surface in Figure 2a . Among the main effects, the film former is found to be the most significant factor, followed by the GF diameter and the silane content, respectively. Moreover, compared with the Pareto chart of the transverse tensile strength all secondary effects are found to be of statistical significance and contribute to the obtained results. This serves as a good example to demonstrate possible difficulties upon the interpretation of Pareto charts and the related estimated response surfaces. While the statistical analysis aims at the best fit of the experimental results, including secondary interactions as factors in the regression equation, their physical interpretation is not always straightforward. However, for the sake of completeness the Pareto charts in Figure 1b and 2b show all statistically significant effects with P-values below 0.05. As can be seen in Figure 2b , for all three main effects a quadratic interaction can be found. However, in the case of the silane this is questionable since no experimental results are available for the high silane together with high film former contents in the sizing (cf. Table 1 ). The regression equation for the best fit of the compression shear strength, σCST, is described by Equation (2): For the fit of the CST by Equation (2) the coefficient of correlation is 0.98.
Effect of sizing formulation and glass fibre diameter on the composites interfacial strength
The statistical analysis of the influence of the main effects highlighted their significance for transverse and compression shear strength of the composites. However, depending on the applied test method, the contribution of the main effects to the observed results is different. It should be noted that both test methods are primarily sensitive to the interphase region. As the fibre volume content and fibre orientation are comparable for all specimens tested, the results reflect the changes in the interphasial strength of the composites. Not surprising, the absence of silane in the sizing results in composites with very poor mechanical performance. Without silane as adhesion promoter no covalent bonding between the fibre and matrix can be achieved. If silane is present, after hydrolysis of the alkoxy groups, covalent interactions with the inorganic surface of the GF are formed while its organofunctional groups can react with the matrix. The mechanical performance of the composites with an intermediate and high silane content in the sizing is similar, although the estimated response surfaces suggest a maximum at silane contents between 1.5 and 3 wt%. It should be taken into account, that the intermediate concentration of 1.5 wt% silane was selected owing to the convention for response surface designs to choose the intermediate level as the arithmetic average between the lower and upper limit. However, in our earlier studies, lower silane concentrations around 1 wt% were found to yield similar mechanical performance for this system [31] . Therefore, the increased mechanical performance of the composites related to the silane content in the sizing could possibly be shifted towards lower silane contents. Moreover, for both regression equations the highest composite performance is predicted for the lower limits of the film former content and GF diameter in combination with silane contents between the intermediate and upper level. The physical significance of the proposed amount of silane is questionable, since this could be due to the parabolic nature of the model fit. However, it is known that excessive silane in sizings results in an increasing amount of physisorbed silane which can deteriorate the composite properties [10, 35] . Figure 3 shows SEM micrographs of fractured surfaces of the composites with different sizing formulations after compression shear testing. In Figures and 3b predominates, resulting obviously in lower CST values. Compared to the fractured surface of the specimen with the low film former content in Figures 3a and b, here, a different type of cohesive failure can be observed. Attached PP on the GF can be seen indicating a good bonding of the GF to its vicinity (marked with red arrows). However, the PP residues on the GF appear to be relatively homogeneous and show less plastic deformation than in Figures 3a and 3b . If a thicker film former layer on the GF is present, the GF/matrix interface is not necessarily the weakest region and failure can start within the film former layer due to insufficient shear strength of the film former PP or at the film former/matrix interface. It is known that upon consolidation of the composites the interdiffusion of the GF sizing and matrix polymer results in the formation of the interphase affecting the IFSS of composites [5] . For GF with a thicker film former layer the property gradient in the interphase is more pronounced since the range of interdiffusion is limited. As a consequence, in the vicinity of the fibre the interphasial properties are mainly determined by those of the film former, whereas with increasing distance to the GF interdiffusion with the matrix results in graded properties. This is similar to the results observed in [36] , where for model composites made of GF/atactic PP (aPP) a cohesive failure was found indicating a strong fibre/matrix interface. However, the interfacial shear strength was limited by the insufficient matrix shear strength of the aPP resulting in poor overall values. As can be inferred from the analysis of the main effects on the transverse tensile and compression shear strength, the latter one is much more sensitive to a variation in the film former content. The tensile load in transverse fibre direction results in a Mode I state of stress. This causes composites with strong interphases to fail at around 25 MPa, which is relatively close to the yield stress of neat PP of around 30 MPa. For the CST, values between 22 and 63 MPa were observed and certain specimens showed some extent of plastic deformation in the load transmission region before they failed. Therefore, the state of stress is different from that of the transverse tensile stress and turns the film former related interphase thickness into the main factor for the load bearing capacity of the composites. Besides the sizing formulation, the GF diameter, as the third factor, was also found to be of statistical significance for the mechanical properties of the composites. Both, transverse tensile and compression shear strength were found to increase with decreasing GF diameter. As both test methods are related to the interphasial properties, differences in GF strength associated with decreasing diameter of the GF can not account for the results. However, bearing in mind the constant GF weight fraction of 75%, the interfibre distance decreases with decreasing GF diameter. Assuming inhomogeneities in the GF distribution, this results in matrix rich regions of larger dimensions for the specimens with the bigger GF diameters, compared to those with the smaller ones. A second issue related to a decreasing GF diameter is the specific surface. Decreasing the GF diameter from 16.5 to 11 μm entails a gain in specific surface of 50%. In this context, assuming a constant weight fraction of organic content of the fibre as well as a homogeneous coverage of the GF by the sizing, the thickness of the sizing layer on the GF increases for higher diameters. This effect is similar to an increased amount of film former in the sizing for constant GF diameter, which was shown previously to weaken the interphasial strength of the composites (cf. Figures 1 and 2 ). The thickness of the sizing layer, dsiz, can be estimated as a function of the GF diameter, d GF , and the weight fraction of organic content on the fibre, M siz . The idealized cross sectional area of a sized GF, A GF-siz , is composed of the cross sectional area of the GF itself, A GF , and the additional cross sectional area due to the sizing, A siz . Replacing A siz by the density ratio between GF and sizing, ρ GF /ρ siz , and multiplied by M siz and A GF , A GF-siz can be written as Equation (3):
As A GF-siz and A GF can be expressed by π times the corresponding radius squared, the only unknown quantity in Equation (3) is the radius of the sized GF, r GF-siz . Rearranging the equation, r GF-siz becomes Equation (4):
Now, the thickness of the sizing layer, assuming homogeneous coverage of the GF, can be calcu-
lated by subtracting the radius of the GF, r GF , from the radius of the sized GF, r GF-siz . For the density of the GF and the sizing, values of 2.56 and 0.95 g/cm 3 , respectively, were used. Based on this estimation, Figure 4 shows the dependency of the sizing thickness on the GF diameter for different weight fractions of organic content on the fibre. From Figure 4 it can be seen that for constant organic contents on the GF the sizing thickness increases linearly for increasing GF diameters. For the composites prepared in this study, the variation of organic contents between 0.5 and about 2 wt%, respectively, theoretically causes differences in the average sizing thickness in the range of 300%. Moreover, the slope of the increase in thickness is steeper for higher weight fraction of organic content on the GF. As a maximum, considering 2 wt% weight fraction of sizing on the fibre and taking the experimentally varied diameters of 11 and 16.5 μm, respectively, the sizing thickness increases from 146 to 219 nm, corresponding to an increase of 50%. This explains why the GF diameter as one of the main effects in the factorial design can affect the composite strength similarly as the film former content in the sizing.
Micro mechanical characterization of selected composites
Besides the characterization of the composites in terms of transverse tensile and compression shear strength, micromechanical testing by means of SFPO tests was conducted in order to investigate the relationship between sizing formulation and adhesion strength for model composites. Four sets of differently sized GF were compared, only being different in terms of silane and film former content. During embedding, extreme care was taken to realize identical parameters, as it is known that a variation in temperature and atmosphere can affect the thermo-oxidative degradation of the small amount of matrix to a different extent. For the given matrix system this was evidenced by GPC measurements on SFPO samples embedded at different temperatures and atmospheres (results not discussed in detail here). Under Argon atmosphere, a change in embedding temperature from 255 to 230°C resulted in M w of 136 300 and 156 300 g/mol, respectively. Embedding at 255°C under ambient atmosphere without Argon results in a reduction of M w to 112 200 g/mol. For the SFPO data presented in this study, all specimens were embedded under Argon atmosphere at 255°C. Table 2 shows the IFSS determined by SFPO measurements from the maximum force of the force-displacement curve divided by the perimeter of the embedded GF, as well as the corresponding data of the macro mechanical testing. From the SFPO data it can be inferred that changes in silane or film former content of the sizings are reflected in the IFSS 584 Rausch et al. -eXPRESS Polymer Letters Vol.4, No.9 (2010) 576-588 [36] the amount of film former was varied but not the processing conditions. Thus, the observed effect is mainly related to the thickness of the interphase, whereas the supramolecular structure of the PP is assumed to be similar for all cases. Moreover, for high film former contents the interphase is rather thick. Consequently, the 'bulk-properties' of the film former are more important due to the limited interdiffusion between matrix and sizing in the vicinity of the glass fibres, whereas for systems with low film former contents interdiffusion between matrix and sizing results in interphase with more graded properties. Figure 5 relates the IFSS to the macro mechanical properties of the composites. For both test methods a correlation between the micro and macro mechanical properties can be seen. In the case of SFPO and transverse tensile strength the state of stress upon failure initiation is similar to Mode I [37] . Thus, a correlation between the two sets of data is not surprising. However, although the loading of the specimens for the CST testing is different from Mode I and plastic deformation before failure was found in the load transmission region, a similar trend as for the transverse tensile strength is observed.
Dynamic mechanical and thermal characterization of selected composites
Besides the quasi-static characterization of composites, DMA was used to investigate the dynamical properties of the continuous fibre reinforced composites, influenced by different silane and film former contents. All samples were tested perpendicular to the fibre direction. Thus, the specimens can be regarded as a series connection of the elements GF-interphase-matrix-interphase. This allows to preferably detect interphase related differences, as not the GF stiffness is dominating the composites response like it is the case when testing in 0°direc-tion of the fibres. Figure 6 shows the storage modulus and tanδ of selected composites with different silane and film former concentrations in the GF sizing. Taking a closer look at the storage modulus of the samples, it can be seen that one specimen strongly deviates in its behaviour from the others. Commonly, differences in storage modulus of fibre reinforced composites are related to issues like fibre weight fraction and fibre orientation, respectively, but here they do not account for the observed results as those factors are comparable for all composites tested. The main difference of this sample (experiment 6) compared to the others is that no silane was used in the sizing. As shown before for the quasi-static testing, sizings without silane result in very poor mechanical values (cf. Table 2 ). Here, at -50°C, the storage modulus is about 6 GPa, whereas the other specimens with an intermediate or high silane content show values in 585 Rausch et al. -eXPRESS Polymer Letters Vol.4, No.9 (2010) 576-588 the range of 9 GPa. Obviously, the absence of silane affects the interphasial stiffness in a way that the storage modulus is shifted to lower values because no covalent bonding between GF and matrix takes place. At first glance, the other samples show comparable properties, however, above the glass transition temperature differences between the samples can be observed becoming more pronounced with increasing temperature. Although the absolute differences are relatively small they were confirmed by repeated measurements. Interestingly, the sample with the lowest film former content shows the highest storage modulus, followed by the ones with an intermediate and high level, respectively. This supports the findings of the quasi-static testing that a high film former content on the GF is not beneficial for the mechanical properties of a composite. GPC measurements revealed a lower molecular weight, M w , of the film former compared to the matrix PP. M w was found to be 217 600 and 147 600 g/mol for the PP matrix and the PP film former, respectively. Additionally, the melting behaviour of the film former and the matrix PP was characterized by DSC measurements and is shown in Figure 7 . For the matrix PP the melting temperature was found to be 168.3°C, whereas the melting temperature of the film former is approximately 8K lower. Taking a melting enthalpy of 207 J/g for a 100% crystalline PP [38] , the crystallinity of the film former and the matrix PP calculate to 27 and 48%, respectively. As the crystallinity of the film former is considerably lower, the presence of the film former in the interphase results in a higher content of amorphous PP, thus lowering the storage modulus of the composites. Therefore, thicker interphases due to a higher film former content on the GF affect the storage modulus.
Conclusions
According to a three level, three factor factorial design composites with different interphasial properties have been characterized by micro and macro mechanical test methods. The Pareto charts identify all three main effects as statistically important to the results of both transverse tensile and compression shear strength. Generally, sizings without silane coupling agents resulted in very poor mechanical performance, but no differences were found between the intermediate and high level of silane concentration in the sizing with regard to the mechanical properties. The film former concentration and GF diameter are negatively correlated with the interphasial strength of the composites, i.e. an increased film former concentration as well as an increased GF diameter were found to result in lower transverse tensile and compression shear strength, respectively. This is related to the fact that for constant sizing weight fractions on the fibres, a higher GF diameter is associated with a lower specific surface of the fibres, thus resulting in thicker average sizing layers on GF than compared to smaller diameters. As a consequence, the film former content and the GF diameter were found to affect the composite properties in the same way. Interphase sensitive SFPO tests and the thereby obtained interfacial shear strength values support the conclusions derived from the factorial design approach on the continuous fibre reinforced composites. Moreover, the characterization of the thermal properties of both, PP film former and matrix PP, in combination with the determination of their molecular weight allows relating the properties of the film former to the interphasial behaviour, thus accounting for the different mechanical properties of the composites. 
